The automatic integration of information resources in the life sciences is one of the most challenging goals facing biomedical informatics today. Controlled vocabularies have played an important role in realizing this goal, by making it possible to draw together information from heterogeneous sources secure in the knowledge that the same terms will also represent the same entities on all occasions of use. One of the most impressive achievements in this regard is the Gene Ontology (GO), which is rapidly acquiring the status of a de facto standard in the field of gene and gene product annotations and whose methodology has been much intimated in attempts to develop controlled vocabularies for shared use in different domains of biology. As the GO Consortium has recognized, however, its controlled vocabulary is as currently constituted marked by a number of problematic features which are characteristic of much recent work in bioinformatics and 2 which are destined to raise increasingly serious obstacles to the automatic integration of biomedical information in the future. Here we survey some of these problematic features, focusing especially on issues of compositionality and syntactic regimentation.
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GO's Three Ontologies
The Gene Ontology (GO) [1] is an important tool for the representation and processing of gene-and gene-product-related information across all species. It provides a 'controlled vocabulary,' designed to support the work of researchers in biomedicine by enabling them to report the results by using a common terminology in annotating genes and gene products.
When a gene is identified, three important types of questions need to be addressed:
•
Where is it located in the cell?
• What functions does it have on the molecular level?
• To what biological processes do these functions contribute?
GO's controlled vocabulary is correspondingly built out of three terminologies consisting of cellular component, molecular function, and biological process terms, respectively. As of process terms. These form three separate graphs, whose primary purpose is to allow researchers annotating genes and gene products to locate where the features and attributes they are addressing in their work might lie (their position in logical space) in relation to other, more familiar features and attributes and thus either to pick out corresponding terms already existing within GO's controlled vocabulary or to localize corresponding gaps in the existing hierarchies and so recommend new terms which need to be included.
GO's Cellular Component Ontology consists of terms such as flagellum, chromosome, ferritin, and virion, terms which (with a few exceptions -above all cell itself, and extracellular matrix and extracellular space) relate to entities properly included within a single cell. All cellular components are, like the cell itself, continuant entities (entities which endure -which means that they are such as to preserve their identity over time even while undergoing changes of various sorts GO's Biological Process Ontology consists of terms such as glycolysis or death or adult walking behavior, terms referring to entities at both the cellular and the whole organ or organism levels of granularity. A biological process is defined in GO as: "A phenomenon marked by changes that lead to a particular result, mediated by one or more gene products."
Molecular function and biological process terms are thus clearly closely interrelated: both refer to occurrent entities, which means: entities which unfold themselves in time.
What, now, is the relation between biological processes and molecular functions in the annotations within the Gene Ontology Annotation from TIGR (GOAT) Database, [3] more than half were simultaneously annotated to terms within two of GO's ontologies, and more than 10% were annotated to terms from all three ontologies. We are currently analyzing these cases as a basis for extending GO by establishing corresponding cross-ontology links between the corresponding terms. [4] GO as a 'Controlled Vocabulary' GO's considerable success is testimony to the wisdom of a number of other crucial choices made by the GO Consortium in the early stages of its development. Above all, the adoption of a relatively simple graph-theoretic architecture (see Figure 1 ) involving just two kinds of edges (labeled is_a and part_of ) meant that work on populating GO could proceed very quickly. Such work does not require the completion of complex protocols, but can be carried out intuitively by the expert biologist, who is subject to few formal constraints when incorporating new terms and definitions. In a series of recent papers we have attempted to show, however, that there are also certain unintended negative consequences of these choices also. More precisely, we have argued that the authors of the Gene Ontology have ignored certain benefits which can accrue through the application of formal and syntactic rigor in the formulation of terms and definitions. The upshot is that there are aspects of GO's current architecture that are predestined to cause ever more serious problems as GO increases in size. For on the one hand, as the GO Consortium itself accepts, it will in the future 'be increasingly difficult to maintain the semantic consistency we desire without software tools that perform consistency checks and controlled updates.' [1] Yet on the other hand much of the information that GO contains is, under current policies, not capable of being accessed or manipulated by software tools.
For this, adherence to basic principles of logic is required, and such principles are thus destined to play a vital role in GO and similar bio-ontologies in the future as the obstacles to manual inspection and curation become ever more significant. If formal tools are to be employed for purposes of curation, however, then this means that the information content of GO must be accessible to such tools. This means in turn that the language of GO must approximate ever more to the condition of a compositional language, that is, to a language wherein the meaning of each compound expression is a function of the meanings of its constituent parts. The GO consortium has acknowledged the significance of this fact and under the auspices of the Open Biological Ontologies umbrella organization it is currently embarking on a program of reform which is in important respects in conformity with the proposals advanced in our earlier papers. In [5] we focused especially on inadequacies in GO's specification of the relations between its function and process ontologies, and on associated problems with GO's recent adoption of the suffix 'activity' to its function terms. In [6] we generalized this critique by pointing to certain inadequacies in GO's treatment of the relations between entities at different levels of granularity. In [7; see also 8, 9] we pointed to a series of difficulties and unclarities in the two foundational relations is-a and part-of, which constitute the edges of the three graph-theoretic hierarchies from out of which GO is constituted. In [10] we added discussion of formal inadequacies in GO's definitions, attempting to show how adherence to formal organizing principles drawn from philosophical ontology, principles which represent best practices in classification and definition, can lead to benefits in eliminating certain characteristic types of error by which GO has hitherto been affected.
Here we turn to those aspects of GO's architecture which have to do with its status as a 'controlled vocabulary. ' We can summarize our argument as follows:
1. with the development of modern formal disciplines (formal logic, and the computational disciplines which have arisen in its wake) we have learned a great deal about the criteria which must be satisfied if a language is to be structured in such a way that the information content expressed by its means can be extracted via automatic procedures that can support logical reasoning tools;
2. GO's controlled vocabulary has been developed in large part without concern for these criteria -this applies both to GO's terms, and also to the definitions associated therewith; accordingly GO has been used primarily in support of statistics-based methodologies oriented around string searches and pattern recognition, and much of its information content thereby remains unaccessed;
3. aspects of GO's current design, above all the expressive paucity which flows from the absence of relations between the terms of its three constituent ontologies, have led its curators to bend the rules of term-formation in order, in effect, to simulate such relations by constructing artificial terms within which corresponding relational expressions are embedded;
4. such artificial terms, however, correspond to no biological natural kinds -they are, precisely, artifacts of the Gene Ontology itself; and because they are constructed by stretching the rules for term-formation they create difficulties for human biologists when curating and applying GO in ways which often go hand in hand with characteristic types of coding errors.
GO terms *
The problem of expressive paucity created by GO's limited repertoire of relations between its terms is to some extent counteracted through the policy of constructing special terms which * We use the term 'term', in what follows, to designate single nodes of the Gene Ontology and also GO synonyms. The entities to which GO terms refer we call 'classes,' and the individual objects, processes and functions in reality by which such classes are instantiated we call 'instances.' Thus, as is shown in [7] , from bud tip is_a site of polarized growth (sensu Saccharomyces). Since it is a primary goal of the GO Consortium to provide an ontology of gene products applying to all species, GO insists that sensu terms be introduced sparingly. In consequence, such terms often have non-sensu terms as children, as in:
R7 differentiation is_a eye photoreceptor differentiation (sensu Drosophila).
GO's interpretation of is_a sanctions the inference from A is_a B to: every instance of A is an instance of B. If this is correct, however, then this statement carries the implication that R7 differentiation occurs only in Drosophila, which seems to stand in conflict with the fact that such differentiation occurs also for example in crustaceans. Analogous problems involving sensu and non-sensu terms arise also in connection with GO's part_of relation. Thus we have larval fat body development part_of larval development (sensu Insecta)
which seems to tell us that every instance of larval fat body development occurs in insects, which ignores for example the presence of fat bodies in crustaceans and worms.
GO has responsed to these concerns by pointing to special features of its reading of 'sensu':
by adding sensu the idea was not to exclude certain taxa from using a sensu term, but rather to give a user an idea of what sense a term should be used in. For example, if
another flying insect were to be annotated to GO, we would hope that the 'sensu Drosophila' terms could be used for this new species.
An example where you might want to annotate a gene product from a taxon outside that specified in the sensu designation is 'fruiting body formation (sensu Dictyosteliida)'.
If you were annotating a gene from the taxon Myxogastria (the true slime moulds, Dictyosteliida are the cellular slime moulds) you would still use this term because the process in both taxa is identical. -Jane Lomax (personal communication):
Note that larval fat body development part_of larval development (sensu Insecta) is an example of a sensu term which has a non-sensu term as child. Such child-parent relations might at first seem counter-intuitive, given that the purpose of 'sensu' is precisely to allow a non-sensu term to be modified in such a way that it can refer to entities marked by special features which precisely do not arise in the entities referred to by the term in its original form. Closer inspection reveals, however, that there may be disadvantages to including the sensu designation in all children of sensu terms. Thus the term 'cell wall (sensu Fungi)' has the part_of child 'hyphal cell wall'. Because hyphae are only ever found in fungi it would then be confusing to add the sensu qualifier to the term 'hyphal cell wall' since this would suggest precisely that there were hyphal cell walls of other, non-fungal types. Against this, however, it is to be pointed out that the current rule, whereby the 'sensu X' operator can be applied even to terms relating to taxa disjoint from the taxon X creates one more barrier to What is certain, however, is that the information that is currently coded by means of such operators is to a large degree masked to automatic tools for information extraction, and we are thus gratified to see that reforms are currently under way by virtue of which the treatment of syntactical and other operators will be standardized through the imposition of a set of rules governing the use of these operators in different ontologies.
In Table 1 we provide a list (which complements the discussion in [11] ) of the more important syntactic operators in GO, in order to give some idea of the scale of the problems at issue -problems which are currently being addressed by the GO consortium under the auspices of its OBOL project (see Mungall, C. et al. The OBOL Ontology Language, unpublished). In the left-hand column are the terms or syntactic operators which contribute to the compositional character of GO -they are, as it were, the standard sorts of linking expressions in terms of which complex terms are built up out of simpler parts. Examples in the next column are selected to illustrate how these linking expressions are characteristically used. The remaining columns give information as to the number of uses of the expressions in question in GO's three ontologies.
Conclusion
As the GO consortium has recognized (Mungall, op. cit.), many of the problems connected with GO's departure from compositionality can be resolved by preparing a canonical list of admissible operators and providing strict usage rules for each. The terms involving such operators currently receive a significantly lower number of annotations than do other terms in GO. This, we believe, provides some indication that the meanings conveyed by the terms in question are not only inaccessible to software tools but that they pose difficulties to understanding also on the part of human biologists. The examples here treated thus suggest a more general lesson as concerns the development and curation of systems like GO in the future: that terminologies are likely to be less susceptible to error and also more susceptible to integration with other terminologies if they are subjected to robust principles for handling syntax and for formulating terms and definitions. 
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